The authors show that both the nature of the antigen as well as the site of colonization affects the type of antibody response mounted to microorganisms. Viruses and intra -and extracellular bacteria entering the body via the respiratory tract elicited mainly an IgG1 response, whereas the mucosal STD pathogen Chlamydia trachomatis elicited mainly an IgG3 response. This confirms the complex interactions between the innate and adaptive immune responses. 
Introduction
Human sera contain a mixture of antibodies of different classes and subclasses with a wide range of specificities. It is believed that natural antibodies are generated spontaneously by B-1a cells, whereas carriage of commensals on mucosal surfaces and infections by pathogens initiate antibody production by other kinds of B cells (Haas et al., 2005) . Polysaccharides, some other nonprotein antigens (e.g. glycolipids), and few proteins (e.g. flagellin) are considered as thymus-independent (TI) antigens. TI antigens are able to activate B-1b and splenic marginal zone B cells without intracellular processing and in the absence of the assistance from CD4+ T helper (Th) cells (Haas et al., 2005) . Antibody class switching may be induced when B-1b or splenic marginal zone B cells are exposed to cytokines such as B-cell activating factor (BAFF) and a proliferationinducing ligand (APRIL), which is generated mostly by dendritic cells. In contrast, most proteins are internalized by antigen-presenting cells (B-2 cells, macrophages, and dendritic cells) and digested. Peptide fragments generated from the processing of protein antigens of extracellular pathogens combine with MHC class II molecules, whereas peptide fragments generated from intracellular pathogens combine with MHC class I molecules. The MHC-peptide complexes are displayed on the surface of the antigenpresenting cells and are recognized by Th-cell receptors (TCR). The specific mutual interaction between antigenpresenting cells and Th cells activates the B-2 cells (linked recognition) and induces antibody production and class switching. Various microbial antigens generated during carriage or infections induce class (isotype) switching by different pathways facilitated by the costimulatory signals from CD4+ T helper cells (Stavnezer, 1996; Stavnezer et al., 2008) . Upon recognizing a specific antigen, the CD4+ Th cells differentiate, secrete cytokines and thereby stimulate the class switching and IgG secretion in the B cells. The IgG subclass generated is assumed to depend on the type of Th-cell response (Stevens et al., 1988) . Three lineages of Th cells have been recognized; Th1 cells producing interferon-gamma (IFN-c) and interleukin (IL) 2; Th2 cells producing IL-4 and IL-5 (Mosmann et al., 1986) ; and Th17 cells producing IL-17, IL-21, and IL-22 (Xu & Cao, 2010) . The distinction between Th1, -2 and -17 cells is, however, less pronounced in humans than in experimental mouse models (Mestas & Hughes, 2004) .
Human IgG is divided into four subclasses with different heavy chains, each with its own properties and biological functions. The IgG1 is the most abundant immunoglobulin in human serum constituting about 65% of the total IgG. IgG2 accounts for 22%, IgG3 for 7%, and IgG4 for about 4% of the total IgG (Morell et al., 1972; Papadea & Check, 1989; Schroeder & Cavacini, 2010; ) . The main functions of IgG1 and IgG3 antibodies are complement activation and opsonisation of invading microorganisms leading to clearance of the pathogen by macrophages. The IgG subclasses differ in their Fc receptor affinity, and their ability to activate the complement system. IgG3 is the strongest complement activator, followed by IgG1. IgG2 can activate the complement system only in the presence of high antigen concentration, whereas IgG4 does not activate complement (Spiegelberg, 1974; Lucas, 1990) . In humans, IgG2 is dominating in responses to thymus-independent antigens (Yount et al., 1968; Amlot et al., 1986) , and IgG4 (and IgE) is produced in response to helminthic infections and on exposure to allergens (Lucas, 1990) . Mediated by the neonatal Fc receptors (FcRn), IgG is able to cross the human placenta. The mother-to-fetus transfer of antibody depends among other factors on the IgG subclass (Palmeira et al., 2012) .
Knowledge about the regulation of the IgG subclass switching by Th cells is mainly based on studies in mice. In vitro studies of peripheral blood mononuclear cells (PBMC) have demonstrated IgG2a production by murine B cells when IFN-c is added to the cell culture (Finkelman et al., 1988; DeKruyff et al., 1990) . In humans, Th1 cells are assumed to be associated with generation of IgG1 and IgG3, while Th2 cells are associated with generation of IgG4 (Kawasaki et al., 2004) . However, the interactions are only partly understood. Lately, IL-21 has been associated with IgG1 and IgG3 production by human B cells (Pene et al., 2004) , and in vitro studies have shown that human B cells produce IgG4 and IgE when IL-4 is added to PBMC (Lundgren et al., 1989; Ishizaka et al., 1990; Spiegelberg, 1990) , supporting the hypothesis that IgG4 secretion is mediated by interaction with Th2-like cells.
In a recent study (Hjelholt et al., 2011) , we examined the humoral immune response to a peptide from the major outer membrane protein (MOMP) of Chlamydia trachomatis and to C. trachomatis heat shock protein 60 (HSP60) in serum obtained from infertile women undergoing in vitro fertilization (IVF) treatment. Unexpectedly, we found that IgG3 was the predominant IgG subclass to MOMP, while antibodies to chlamydial HSP60 were mainly of the subclass IgG1. This implies that the mechanisms, which regulate the antibody production of the various IgG subclasses, are not fully understood.
In the present study, we aimed to compare the IgG subclass profiles generated and maintained after infections or carriage by five microorganisms: parvovirus B19; the intracellular bacteria C. trachomatis and Chlamydia pneumonia; and the extracellular bacteria Mycoplasma pneumonia and Streptococcus pneumonia.
Chlamydiae are small obligate intracellular bacteria with a unique biphasic life cycle (Christiansen et al., 1997) . The common human pathogenic species are C. trachomatis and C. pneumoniae. Chlamydia trachomatis is a major cause of sexually transmitted diseases that may lead to scarring and occlusion of the fallopian tube causing ectopic pregnancy and tubal factor infertility (TFI) (Beatty et al., 1994) , while C. pneumoniae infects respiratory tract epithelial cells and can be the cause of atypical pneumonia (Hahn et al., 2002) .
Parvovirus B19 is a small nonenveloped single-stranded DNA virus infecting erythroid progenitor cells. Infection spreads primarily via the respiratory route although spread by vertical (mother-to-fetus) transmission during pregnancy may also occur (Heegaard & Brown, 2002) .
Mycoplasma are small wall-less bacteria belonging to the bacterial class Mollicutes. They are related to gram-positive bacteria and have small genomes. Mycoplasma pneumoniae can cause atypical pneumonia. It grows on the epithelial cells in the respiratory tract to which they adhere with their tip-like structure and destroys the ciliated cells (Rottem, 2003) .
Streptococcus pneumoniae (pneumococcus) is a member of the mitis group within the genus Streptococcus. Pneumococcus is not only an extracellular commensal of the upper respiratory tract of healthy individuals but also an important human pathogen. It causes many kinds of serious infections such as otitis media, sinusitis, pneumonia, sepsis, and meningitis. Most strains possess a polysaccharide capsule, and all pneumococci share a common antigen C-polysaccharide, which is also present in some other mitis group streptococci (Bergstr€ om et al., 2000; Kilian et al., 2008) .
The immunoglobulin G (IgG) subclass antibodies specific to the five microorganisms were analyzed concurrently for each antigen in 162 sera obtained from healthy Danish women (Hjelholt et al., 2011) . We determined the IgG subclass profiles; thereby aiming at elucidating whether the route of infection, the infectious organism and the nature of the antigen would influence the IgG subclass distribution of the antibodies. high prevalence of antibodies against C. trachomatis previously has been found in this group (Clausen et al., 2001; Hjelholt et al., 2011) . None of the women had received pneumococcus vaccination. The study was approved by the Health Research Ethics Committees of Central Denmark (journal no. 1998/4219), and written informed consent was obtained from each participant.
Materials and methods

Patient sera
The patients were recruited to the project when they began their first IVF treatment. The serum sample was taken in relation with the routine pregnancy test, which was performed 2 weeks after embryo transfer. All women were healthy, at the time, the serum samples were taken, and they were not in antibiotic treatment (Hjelholt et al., 2011) .
Enzyme-linked immunosorbent assay (ELISA)
The different antigens used in the ELISA assays are located at the surface of the microorganisms and thus accessible to the immune system. Antibodies were determined by five ELISA methods using the same standards of subclass myeloma IgG and the same batches of subclass-specific, secondary antibodies in all assays. The secondary anti-human IgG antibodies used were HRP-conjugated sheep-anti-human IgG1, IgG2, IgG3, and IgG4 (Binding site, UK). The secondary anti-IgG1, IgG3, and IgG4 antibodies were diluted 1/10 000, and anti-IgG2 was diluted 1/2000 in Bac-dil buffer (medac). Measurements of serum samples were performed with duplicates. No duplicates varied more than 10% in OD values.
ELISA kits
Four kinds of precoated ELISA plates for single-point quantifications (SPQ) assays were obtained from medac (Wedel, Germany). The SPQ assays were preformed according to the instructions from the manufacture. Streptococcus pneumoniae ELISA An ELISA based on S. pneumoniae common polysaccharide antigen was used. NUNC MaxiSorp plates (Nunc, Denmark) were coated with 4 lg mL À1 of purified C-polysaccharide (Statens Serum Institut, Copenhagen; Sorensen et al., 1989) in PBS (phosphate-buffered saline, pH 7.38) at 5°C for 18 h. The plates were washed twice with PBS and then blocked with 15% fetal calf serum (FCS) in PBS at 37°C for 1 h (Drasbek et al., 2004) . The analyses were preformed as SPQ assays (see above). Briefly, the human serum samples were diluted 1 : 50 or 1 : 400 in dilution Bac-dil buffer before use.
ELISA for quantification of IgG subclasses NUNC MaxiSorp plates were coated with dilution series of human reference myeloma IgG1, IgG2, IgG3, or IgG4 (EMD Biosciences, CA) in carbonate-coating buffer (50 mM NaHCO 3 , pH 9.6). The subclass-specific secondary antibodies were added (see above). For each IgG subclass reference, a standard curve was generated using Microsoft Excel for Mac (Fig. 1) showing the IgG subclass concentrations plotted against OD readings and the coefficient of determination (R 2 ). Concentrations of each of the IgG references were defined as 1000 units per mL (u mL À1 ). We did not state results in lg mL À1 , because the actual absorption of the IgG subclass to the reference plates was unknown. Thus, based on the equation from the calculated trend lines for the standard curves, measured OD values were converted into arbitrary concentration, u mL
À1
. In this way, the relative IgG levels were comparable between subclass values measured on the same antigen. Control wells (two blanks) containing Bac-dil buffer without serum sample were included on all plates. The mean OD value and the standard deviation (SD) for the blank were calculated for each plate. Detection limit was defined as the mean OD value of the blank wells plus two times the standard deviation.
Statistical analysis
The data were analyzed using GraphPad Prism version 5.0a for Mac OS X. The mean and the standard error (SEM) were calculated from each series of analyses. The correlation between IgG1 and IgG3 levels was evaluated using Deming linear regression analysis and confidence intervals (95%), (Prism). Deming linear regression was used because it accounts for errors in both x and y observations. Probabilities < 0.05 were considered as significant.
Results
The ELISA results demonstrate clear differences in the IgG subclass profiles of antibodies specific for the five kinds of antigen preparations used in our assays (Fig. 2) .
The IgG response against C. trachomatis MOMP was IgG3-dominated When measuring the IgG subclass antibodies directed against the MOMP peptide from C. trachomatis, only IgG1 and IgG3 were present, whereas IgG2 and IgG4 were below the detection level (Fig. 2a) . The mean levels were 11.0 u mL À1 for IgG1 and 20.0 u mL À1 for IgG3, and the IgG1/IgG3 ratio was 0.55 showing a predominance of IgG3 (Table 1) .
Chlamydia pneumoniae, Mycoplasma pneumoniae, and parvovirus B19 primarily elicited an IgG1 response Only subclass IgG1 and IgG3 antibodies were detected against C. pneumoniae, M. pneumoniae, and parvovirus B19, while IgG2 and IgG4 were not detectable. However, contrary to the findings for C. trachomatis, we observed IgG1 to be the predominant antibody subclass reacting with antigens from C. pneumoniae, M. pneumoniae, and from parvovirus B19 (Fig. 2b-d ). Only few of the patients had detectable IgG3 antibodies, and the mean of IgG3 was substantially lower than the mean value of IgG1 leading to a much higher IgG1/IgG3 ratios compared with C. trachomatis (Table 1 ). Figure 2b -d illustrate the predominance of IgG1 specific for these antigens. For C. pneumoniae, the calculated IgG1 mean was 50.9 u mL À1 and IgG3 mean was 16.4 u mL À1 resulting in a IgG1/IgG3 ratio of 3.1; for M. pneumoniae, the IgG1 mean was 22.6 u mL À1 and IgG3 was 3.3 u mL À1 resulting in a IgG1/IgG3 ratio was 6.8; and for parvovirus B19, the mean of IgG1 was 149.3 u mL
À1
and for IgG3 10.5 u mL À1 resulting in a IgG1/IgG3 ratio of 14.2 (Table 1) .
Only IgG2 antibodies were detected against pneumococcal C-polysaccharide IgG2 was the dominating subclass of the antibodies specific for C-polysaccharide of S. pneumoniae (Fig. 2e ). IgG1 and IgG3 concentrations were low, and most of the serum samples contained undetectable levels of these two subclasses (Table 1) . IgG4 was not detectable in any of the serum samples.
Correlation between IgG1 and IgG3
Deming linear regression analyses were performed to investigate the relation between the IgG1 and IgG3 antibody measurements for Chlamydia species, M. pneumoniae, and Parvoviurs B19. For each serum sample, the paired concentrations of IgG1 and IgG3 were plotted for each antigen (Fig. 3) . A scatter plot of IgG1 and IgG3 against C. trachomatis (Fig. 3a) shows a regression line with a slop of 1.687 and a confidence interval of 1.191 to 2.182 (Table 1) . A positive correlation is present between IgG1 and IgG3 with a P-value of < 0.0001. To C. pneumoniae, a positive correlation between IgG1 and IgG3 was also observed (P < 0.0001); however, the slope of the regression line was 0.218 (0.111 to 0.324) in agreement with the predominant IgG1 response (Fig. 3b) . Lack of overlap of confidence intervals between regression lines of C. pneumoniae and C. trachomatis confirmed statistical difference in IgG subclasses. For both M. pneumoniae and Parvovirus B19, the slopes of the regression lines are close to zero due to the strong IgG1 response ( Fig. 3c and  d) , and no significant correlation between IgG1 and IgG3 was found (Table 1) .
Discussion
The humoral immune response, generated as a result of infection or carriage, is frequently characterized by presence of long-lasting antibodies in serum. In the present study, we analyzed the subclass IgG response to common viral and bacterial antigens in serum samples from 162 healthy Danish women undergoing IVF. The women had no infections, at the time, the serum sample was taken (Hjelholt et al., 2011) .
Results from this study showed that in response to both the virus, the intra-and extracellular bacteria tested, IgG1 and IgG3 were produced, except for S. pneumoniae C-polysaccharide, which elicited a IgG2 dominated response. This was expected, as this polysaccharide is a T-cell-independent type 2 antigen (Yount et al., 1968; Amlot et al., 1986) . This kind of antigens is able to induce an antibody class shift from IgM to IgG2 without the assistance of T-cells. Although the microorganisms induced IgG1 and IgG3 antibodies to protein antigens, the IgG1/IgG3 ratio differed (Table 1 ). The IgG response to C. trachomatis was dominated by IgG3, contrary to the other pathogens, to which IgG1 was the predominant subtype (Figs 2 and 3 ). IgG4 was below detection level against all antigens, and because IgG4, together with IgE, is important in response to allergens, maybe fullfilling a down-regulatory, toleranceinducing function (Aalberse et al., 2009) , this was also in accordance with our expectations.
Human B cells are comprised of distinct subpopulations that differ in localization and function, although such cells are better characterized in rodents (Swanson et al., 2012) . Naive B cells have the potential to switch to production of any antibody isotype. Cytokines secreted by activated Th cells are believed to take part in the redirection of this isotype switch (Stavnezer et al., 2008) , and intra-and extracellular pathogens have been considered to elicit a different Th-cell and IgG subclass response (Miossec et al., 2009) . In the present study, we did not observe a distinction in the production of IgG subclasses dependent on whether the pathogen was intra-or extracellular, a bacterium, or a virus even though the ratio between IgG1 and IgG3 differed. This suggests that the Th-cell distinction is not exclusively dependent on the type of pathogen. The difference in IgG subclass production in response to C. trachomatis and C. pneumoniae is surprising, considering the conserved developmental cycle and the high genetic similarity of the two chlamydial species (Christiansen et al., 1997) . This suggests that other factors besides the characteristics of the infectious organism are crucial in the determination of the IgG profile. Because parvovirus B19, C. pneumoniae, and M. pneumoniae all are entering the body via the respiratory route, and C. trachomatis infects the genital tract, the route and location of infection may influence the IgG profile. Other studies have suggested a difference in Th response depending on the infectious route. When infecting mice intravenously with Listeria monocytogenes, Pepper et al. (2010) found Th1-like cells producing IFN-c, whereas after intranasal infection with the same bacterium, the mice generated Th17-like cells producing IL-17 (Pepper et al., 2010) . This may subsequently influence the subclass of IgG antibodies produced. These findings by Pepper et al. (2010) , indicating a difference in the generated immune response depending on the route of infection, support the results obtained in the present study.
Determination of the IgG subclass distribution in response to other pathogens with comparable biology and epidemiology has shown a similar difference in the IgG profile. In response to the closely related, common opportunistic viruses, human herpesvirus (HHV)-6, and HHV-7 in healthy individuals, it was seen that the IgG response to HHV-6 was restricted to IgG1 while IgG antibodies to HHV-7 fell into two distinct groups: one group who had IgG1 antibodies and a second group who had both IgG1 and IgG3 antibodies (Biganzoli et al., 2010) .
It is surprising that the relatively short-lived IgG3 was found to be the predominant IgG subclass to C. trachomatis (Morell et al., 1970) . As mentioned above, none of the women had an active C. trachomatis infection when the serum sample was taken, but 70 individuals had occluded fallopian tubes, a known sequelae to C. trachomatis infections (Hillis et al., 1997; Hjelholt et al., 2011) and 74% of these women had antibodies to MOMP compared with 21% in the group with normal Fallopian tubes. In both groups, however, IgG3 was the most frequent IgG subclass detected (Hjelholt et al., 2011) . As the IgG1/IgG3 ratio did not differ in the group of patients with TFI and the group with normal Fallopian tubes, we furthermore suggest the produced IgG subclasses to be unrelated to the developing sequelae following infection with C. trachomatis. As recurrent infections with C. trachomatis are associated with subsequent sequelae (Hillis et al., 1997) , this suggests that the IgG profile is similar during primary and repeated infection.
In humans, the very strict distinction between Th1, Th2, and Th17 cells and their contribution to the induction of IgG subclass production by B cells are most likely a simplification. The innate and adaptive immune responses may be much more intimately connected than earlier believed, and several findings support the idea that the innate immune system is involved in the activation and shaping of the adaptive immunity (Mogensen, 2009) , and thereby most likely also the IgG subclass determination with or without the assistance of Th-cells as mentioned above.
In conclusion, differences in IgG subclass profiles depending on the nature of the involved pathogen, that is whether it is intra-or extracellular, a virus, or a bacterium, were not supported in this study except for the C-polysaccharide of S. pneumonia (or other mitis streptococci) which induce mainly an IgG2 response. The IgG subclass produced against protein antigens is assumed to depend on the type of Th-cell response involved. Presuming that the Th-cell response is reflected in the IgG profile; our results indicate that the Th-cell response may be influenced by other factors besides the type of pathogen. In our study, the route and location of infection seemed to influence the type of IgG subclass produced. This idea is supported by the study in which intravenous L. monocytogenes infection of mice-induced Th1 T-cell proliferation while intranasal infection with this bacterium induced a Th17 T-cell response (Pepper et al., 2010) resulting in a difference in cytokine production.
